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Abstract— A substrate biasing methodology is introduced
based on modifying standard cells by inserting dedicated sub-
strate contacts in those cells behaving as aggressive digital noise
generators. These contacts are connected to a dedicated ground
network. The proposed approach reduces two primary noise
injection mechanisms: ground coupling and source/drain junction
coupling. Limitations of the Kelvin biasing scheme are removed
while achieving more than a 60% (9 dB) reduction in substrate
noise at the cost of a 12% increase in area.

I. INTRODUCTION

The integration of digital, analog, and RF circuits has
become ubiquitous in modern integrated circuits to achieve
higher performance and reduced cost. A major obstacle of
these mixed-signal systems is substrate noise coupling. The
common substrate forms a conductive path between the noisy
digital circuit and the sensitive analog/RF circuit, degrading
performance. Signal isolation between the digital and ana-
log/RF circuits is, therefore, a challenging task.

Three primary mechanisms exist for injecting noise into the
substrate: coupling from the digital ground and power rails,
coupling from the junction capacitances of the devices, and
impact ionization [1], [2], [3]. For complex integrated circuits,
coupling from the ground and power rails is the dominant
noise generation mechanism [4], [5].

Simultaneous switching noise caused by the parasitic in-
ductance (di/dt noise) and transient /R drops caused by the
resistance of the ground network directly affect the substrate
through the substrate contacts. Employing a dedicated sub-
strate bias by separating the ground network of the contacts
reduces substrate noise coupling [4], [6], [7]. This technique,
known as Kelvin biasing, reduces substrate noise at the cost
of lower device reliability, increased power/ground noise, and
additional metal resources. These limitations make the use of
Kelvin biasing impractical.

An alternative substrate biasing methodology is introduced
in this paper based on modifying the design of the standard
cell library. Standard cells with dedicated substrate contacts

This research is supported in part by the Semiconductor Research Cor-
poration under Contract No. 2003-TJ-1068 and 2004-TJ-1207, the National
Science Foundation under Contract Nos. CCR-0304574 and CCF-0541206,
grants from the New York State Office of Science, Technology & Academic
Research to the Center for Advanced Technology in Electronic Imaging
Systems, and by grants from Intel Corporation, Eastman Kodak Company,
Manbhattan Routing, and Intrinsix Corporation.

1-4244-0921-7/07 $25.00 © 2007 IEEE.

Radu M. Secareanu, Olin L. Hartin
Freescale Semiconductor
MMSTL
Tempe, Arizona 85284
[r54143,]lee.hartin] @freescale.com

”””””””””” Circuit
ground network

Dedicated
ground network

I gate I
Pt n+ n+
sub contact, source drain
Ci ~. Existing

substrate contact p well

Lswitching

Fig. 1. Kelvin biasing scheme to reduce substrate noise. The substrate
contacts are connected to a dedicated ground network rather than the ground
network of the digital circuit to prevent ground noise coupling into the
substrate.

are proposed for those cells that generate significant noise.
These dedicated contacts are connected to a separate ground
to provide isolation from the noisy ground network. The
proposed methodology achieves more than a 60% reduction in
substrate noise while removing the limitations of the Kelvin
biasing scheme.

The primary drawback of the proposed technique is the
increased area due to the additional contacts and the separate
ground network. This increased area, however, is minimized
because these modified cells are only used in the primary
noise generating blocks within a circuit. The additional ground
network and contacts are therefore only required in these
blocks.

The rest of the paper is organized as follows. The substrate
biasing schemes are reviewed in Section II. The proposed
methodology is described in Section III. Simulation results
are presented in Section IV. These results are discussed and
compared with Kelvin biasing in Section V. Some conclusions
are drawn in Section VI

II. SUBSTRATE BIASING SCHEMES

In a mixed-signal circuit, several different techniques exist
to bias the substrate. The conventional approach is to connect
the substrate contacts to the ground network of the digital
circuitry. This technique, however, injects significant noise into
the substrate since the digital ground suffers from simultane-
ous switching noise.

Kelvin biasing, as illustrated in Fig. 1, has been proposed
to reduce noise injection by biasing the substrate with a dedi-
cated ground network. This technique removes the resistive
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connection of the substrate with the noisy digital ground,
thereby reducing substrate noise. Kelvin biasing, however, has
significant limitations. Since the substrate is biased separately,
the devices suffer from the body effect which can have a signif-
icant effect on high performance circuits. Another drawback is
the increased power/ground noise since the n-well capacitance
cannot be exploited as a decoupling capacitance. A reduction
by a factor of three in the total decoupling capacitance is
reported in [6] if Kelvin biasing is employed.

While reducing ground coupling into the substrate, Kelvin
biasing is ineffective in reducing source/drain junction cou-
pling. The overall reduction in substrate noise is, therefore,
limited. Furthermore, Kelvin biasing requires an additional
ground network, making the technique impractical in terms
of the required metal resources.

Another technique to bias the substrate is a backside contact,
which increases the cost and requires specialized packaging.
The use of an analog ground rather than a digital ground has
also been suggested to bias the substrate [6]. If an analog
ground is used, however, substrate noise can couple into the
analog ground network, degrading performance.

III. PROPOSED METHODOLOGY

The design of a standard cell with a dedicated substrate
contact is explained in Section III-A. An analysis of the
substrate noise reduction mechanism using these standard cells
is described in Section III-B.

A. Standard Cell with a Dedicated Substrate Contact

In the design of a digital integrated circuit, the placement
of the substrate contacts is usually achieved after the place-
and-route phase of the design flow is completed. The latch-
up design rules determine the minimum distance among the
contacts.

A standard cell design approach is proposed in this paper
where each cell in the library has a dedicated substrate contact.
This dedicated substrate contact is placed in close proximity
to the cell, as determined by technology based design rules.
Conventional and aggressor standard cells are illustrated in
Fig. 2. Note that these aggressor cells are in addition to
existing conventional cells in the library, where the choice
between a conventional and aggressor cell is made depending
upon several factors such as the switching activity of the
digital block and the physical distance between the digital and
sensitive analog blocks within a circuit.

The physical representation of a cell with a dedicated
substrate contact is shown in Fig. 3. C; represents an existing
substrate contact placed according to the latch-up design rules
and C, represents the dedicated substrate contact of the cell.
Note that C; is connected to the ground network of the digital
circuit; a separate ground network, however, is required for the
dedicated contacts in order to isolate these contacts from the
noisy ground network. Noise reduction is achieved through the
low impedance path between C; and C,. The injected noise
from the noisy contact Cj is filtered through C, rather than
propagated into the substrate.
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Fig. 2. Standard cell: (a) conventional cell, (b) aggressor cell with a dedicated
substrate contact. o is the minimum distance between the contact and the
diffusion, and w, is the width of the contact.
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Fig. 3. The effect of the dedicated contact on reducing substrate noise.
The injected noise from the noisy contact C; is filtered through the dedicated
contact C rather than propagated into the substrate.

The drawback of providing a dedicated substrate contact
is an increase in circuit area. This increase in area can be
expressed as AA = L{0tp + wen, )
where L is the length of the standard cell, o is the minimum
distance between the n-type and p-type diffusion regions, w,
is the width of the contact, and n is the number of aggressor
cells with a dedicated substrate contact. Note that these types
of cells are only used in aggressor digital blocks that are
identified as major noise sources. The number n, therefore, is
usually a small fraction of the total number of cells, lessening
the increase in area.

B. Analysis of Noise Reduction Mechanism

The dedicated contacts connected to a separate ground
network significantly reduce the noise current propagating
through the substrate. This reduction is due to the change in
the impedance seen by the switching current.

Equivalent circuit models to analyze substrate noise through
ground coupling are shown in Fig. 4. A circuit model for
conventional substrate biasing is shown in Fig. 4(a). The
switching current is divided based on the impedance of the
ground and substrate networks. For Fig. 4(a), the noise voltage
at sense node S is

Vel ((,0) — ISlzl (0))|

Ryg,
Rcsl+ng+|Zl((D)‘ *

where [ is the switching current, Z; (®) is the ground network
impedance, R s is the substrate resistance between contact
C) and the sense node S;, and Ry, is the substrate resistance
between the sense node and ground, which is usually the
analog ground of the circuit.

(@)
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Equivalent circuit models to analyze substrate noise through ground coupling: (a) Circuit model for the conventional scheme. I; is the switching

current of the circuit. C; is the conventional substrate contact, Z; is the ground network impedance, and S; is the substrate location where the noise is
analyzed, (b) Circuit model for the proposed scheme. C, is the dedicated substrate contact of the standard cell and Z, is the impedance of the additional
ground network to which the dedicated contacts are connected, (c) Transformation of the mesh formed by the contacts C; and C;, and node S>.

A circuit model for the proposed substrate biasing scheme
is shown in Fig. 4(b). The dedicated substrate contact C; is
connected to a separate ground network with impedance Z;.
Note that the mesh formed by the contacts C; and C,, and
node S can be transformed using resistances R4, Rp, and Rc,
as illustrated in Fig. 4(c). After this transformation, the noise
voltage at the sense node S, can be expressed as

[ L|Z1 ()|
[(Re+ Rsg)\\ (R + | Z2() )] + Ra + | Z1 ()|

{ Rp+|Zi ()]
Rsg +Rc+Rp+ |22 (o)) RS

Vg2 ((,0)
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where I; is the switching current, Z;(®) is the impedance
of the circuit ground network, Z(®) is the impedance of
the dedicated ground network, and R4, Rp, and Rc are the
substrate resistances after transformation of the mesh.

For practical values of substrate resistances and assuming
Z) = Z, the noise voltages predicted by (2) and (3) are
illustrated as a function of frequency in Fig. 5. The solid
lines represent the noise voltage for a conventional scheme and
the dashed lines represent the noise voltage for the proposed
scheme. More than a 50% reduction in noise voltage is
predicted according to an analytic analysis based on equivalent
circuit models.

IV. SIMULATION RESULTS

A noise generator circuit, as shown in Fig. 6, has been
designed in a 90 nm double-well CMOS technology with
a bulk type (non-epi) substrate. The circuit consists of four
chains of scaled buffers driven by input signals with 70 ps
rise and fall times.

Three different versions of the circuit are realized. The first
circuit represents the conventional technique where regular
cells are used and the substrate contacts are placed according
to the latch-up constraints of the technology. The second
circuit utilizes a Kelvin biasing technique where the contacts
of the first circuit are connected to a separate ground network,
as shown in Fig. 1. The third circuit utilizes the proposed
methodology where each cell has a dedicated substrate contact,
assuming all cells are aggressors. These dedicated contacts are
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Fig. 5. Analytic predictions of the noise voltages Vi1 and Vy, with: (a) a
flip-chip package, (b) a bond-wire package.
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Fig. 6. Noise generator circuit consisting of four chains of scaled buffers to
evaluate the proposed substrate biasing methodology.

connected to a separate ground network as shown in Fig. 3.
Note that the contacts of the first circuit remain the same for
the third circuit.

The layout and substrate impedances of the three circuits
are extracted, respectively, using Assura RCX [8] and Sub-
strateStorm [8], while the overall netlist is simulated using
Spectre [8]. For each circuit, the substrate noise voltage is
examined at the sense node which is located 25 um away
from the closest contact, as shown in Fig. 6.
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TABLE I
COMPARISON OF PEAK-TO-PEAK SUBSTRATE NOISE VOLTAGE FOR THE CONVENTIONAL, KELVIN, AND PROPOSED TECHNIQUES. ON-CHIP
INTERCONNECT PARASITIC IMPEDANCES: R = 3 Q AND L = 160 pH. FLIP-CHIP PARASITIC IMPEDANCES: R = 0.1 Q AND L = 60 pH. BOND-WIRE
PARASITIC IMPEDANCES: R =0.2 Q AND L = 1 nH.

On-chip interconnect / package type Peak-to-peak substrate noise (mV) Noise reduction Noise reduction
Conventional | Kelvin | Proposed | over conventional over Kelvin
R only / flip-chip 32 20 9 72% 55%
RL / flip-chip 47 29 16 66% 45%
R only / bond-wire 116 58 39 66% 33%
RL / bond-wire 129 61 42 67% 31%
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Fig. 7. Substrate noise voltage at the sense node for the conventional, Kelvin,
and proposed schemes.

The substrate noise voltage waveforms for the conventional,
Kelvin, and proposed techniques are shown in Fig. 7. The
ground network has a distributed parasitic impedance of R =3
Q and L =160 pH with a bond-wire package exhibiting a
lumped parasitic impedance of R=0.2 Q and L =1 nH.

The peak-to-peak substrate noise voltage for the three
techniques are listed in Table I for different ground network
impedances and package types. Significant noise reduction
over conventional and Kelvin biasing schemes is achieved
using the proposed methodology. The drawback is the increase
in area due to the additional contacts. For this example, the
additional required area is 82 um?, corresponding to a 12%

1nerease. V. DISCUSSION

The proposed methodology achieves a greater reduction
in noise as compared to Kelvin biasing. This result occurs
because Kelvin biasing only reduces the ground coupling noise
generation mechanism. The proposed technique, however, re-
duces both ground and the junction coupling mechanisms. The
greater reduction in noise as compared to the Kelvin technique
with a smaller ground parasitic impedance, as listed in the last
column in Table I, supports this conclusion.

In addition to a greater reduction in noise, the proposed
methodology removes the limitations of Kelvin biasing. The
voltage difference between the source and body of the transis-
tors for Kelvin biasing is as large as 160 mV. For the proposed
technique, this voltage difference is several millivolts. The
body effect is, therefore, smaller and the likelihood of latch-up
is reduced.

The proposed scheme exploits the n-well capacitance as a
decoupling capacitance to reduce power/ground noise. Kelvin
biasing, however, cannot exploit the n-well capacitance be-
cause the circuit and the substrate have separate bias networks.

Another major limitation of Kelvin biasing is the require-
ment for an additional ground network, making this approach
impractical considering limited metal resources. Alternatively,
the proposed methodology only requires an additional ground
network for the aggressor cells with a dedicated contact.

VI. CONCLUSIONS

A substrate biasing scheme is presented in this paper based
on modifying the design of a standard cell library. Cells
with dedicated substrate contacts are proposed for the noise
generating digital blocks within a circuit. The substrate is
biased with the ground network of the digital circuit through
existing substrate contacts. The dedicated substrate contacts
within the aggressor cells, however, are connected to a separate
ground network. A low impedance path in the substrate is
thereby created between the noisy contacts and the dedicated
contacts. Simulation results show, on average, a reduction
in substrate noise of 68% (9.87 dB) over the conventional
technique and 41% (4.71 dB) over the Kelvin biasing scheme.
Furthermore, the limitations of Kelvin biasing are removed
using the proposed methodology. The impact of the relative
location of the dedicated and existing contacts with respect
to the sense node, and identifying the aggressor blocks in a
mixed-signal circuit remain as future work.
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